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Abstract We propose an augmented Lagrangian algorithm for solving large-scale
constrained optimization problems. The novel feature of the algorithm is an adap-
tive update for the penalty parameter motivated by recently proposed techniques for
exact penalty methods. This adaptive updating scheme greatly improves the overall
performance of the algorithm without sacrificing the strengths of the core augmented
Lagrangian framework, such as its ability to be implemented matrix-free. This is
important as this feature of augmented Lagrangian methods is responsible for renewed
interests in employing such methods for solving large-scale problems. We provide
convergence results from remote starting points and illustrate by a set of numerical
experiments that our method outperforms traditional augmented Lagrangian methods
in terms of critical performance measures.

Keywords Nonlinear optimization - Nonconvex optimization -
Large-scale optimization - Augmented Lagrangians - Matrix-free methods -
Steering methods

F. E. Curtis—Research supported by National Science Foundation Grant DMS-1016291 and Department
of Energy Grant DE-SC0010615
H. Jiang, D.P. Robinson—Research supported by National Science Foundation Grant DMS-1217153.

F. E. Curtis (X))
Department of Industrial and Systems Engineering, Lehigh University, Bethlehem, PA, USA
e-mail: frank.e.curtis@gmail.com

H. Jiang - D. P. Robinson
Department of Applied Mathematics and Statistics, Johns Hopkins University, Baltimore, MD, USA
e-mail: hjiang13 @jhu.edu

D. P. Robinson
e-mail: daniel.p.robinson@gmail.com

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10107-014-0784-y&domain=pdf

202 F. E. Curtis et al.

Mathematics Subject Classification (2010) 49MO05 - 49M15 - 49M29 - 49M37 -
65K05 - 65K10 - 65K15 - 90C06 - 90C30 - 93B40

1 Introduction

Augmented Lagrangian (AL) methods, also known as methods of multipliers, have
been instrumental in the development of algorithms for solving constrained optimiza-
tion problems since the pioneering works by Hestenes [27] and Powell [37] in the late
1960s. Although subsequently overshadowed by sequential quadratic optimization and
interior-point methods in recent decades, AL methods are experiencing a resurgence
as interests grow in solving extremely large-scale problems. The attractive features of
AL methods in this regard are that they can be implemented matrix-free [1,4,9,32] and
possess fast local convergence guarantees under relatively weak assumptions [18,30].
Moreover, certain AL methods—e.g., of the alternating direction variety [21,25]—
have proved to be extremely efficient when solving structured large-scale problems
[6,38,41].

A critical disadvantage of AL methods when they are applied to solve generic
nonlinear problems is that their performance suffers when they are initialized with
poor choices of the penalty parameter and/or Lagrange multipliers. Specifically, if
the penalty parameter is too large and/or the Lagrange multipliers are poor estimates
of the optimal multipliers, then one often finds that little or no progress is made in
the primal space due to the iterates veering too far away from the feasible region.
This leads to much wasted computational effort, especially in early iterations. (If the
constraints are well-scaled, then these issues become less of a practical concern and
basic AL methods are quite efficient. Thus, our enhancements are most beneficial for
difficult and/or poorly scaled problems.) For example, by using the trivial choice of
setting the initial multipliers to zero, one may find that a relatively small value of
the penalty parameter is needed before progress is made, which in turn may lead to
practical inefficiencies throughout the remainder of the optimization process.

The purpose of this paper is to propose, analyze, and present numerical results for
an AL method specifically designed to overcome the disadvantage described in the
previous paragraph. We enhance a traditional AL approach with an adaptive penalty
parameter update inspired by a recently proposed technique for exact penalty methods
[7,8,34]. The adaptive procedure requires that each trial step yields a sufficiently
large reduction in linearized constraint violation, thus promoting consistent progress
towards constraint satisfaction. We focus on employing our adaptive updating scheme
within a trust region method, but a line search algorithm with similar features could
be similarly derived.

The paper is organized as follows. In Sect. 2, we outline a traditional AL algorithm
to discuss in more detail the inefficiencies that may arise in such an approach. Then,
in Sect. 3, we present and analyze our adaptive AL trust region method. We show that
the algorithm is well-posed and that it possesses global convergence guarantees. In
Sect.4, we provide numerical results that illustrate the effectiveness of our adaptive
penalty parameter updating strategy. Finally, in Sect.5, we summarize and reflect on
our proposed techniques.
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An adaptive augmented Lagrangian method 203

Additional background on AL methods can be found in [2,3,5,15,20,22]. We also
refer the reader to recent work on stabilized sequential quadratic optimization (SQO)
methods [19,31,33,36,40], which share similarly attractive local convergence prop-
erties with AL methods. In particular, see [24] for a globally convergent AL method
that behaves like a stabilized SQO method near primal solutions. Finally, we comment
that other classes of methods use the augmented Lagrangian as a merit function for
determining step acceptance and compute trial steps as solutions to subproblems with
linear constraints [14,17,23].

Notation We often drop function dependencies once they are defined and use sub-
scripts to denote the iteration number of an algorithm during which a quantity is
computed; e.g., we use xi to denote the kth primal iterate, f; := f(xx) to denote the
objective value computed at xi, and similarly for other quantities. We also often use

subscripts for constants to indicate the algorithmic quantity to which they correspond;
e.g., v denotes the reduction factor for the parameter .

2 A basic augmented Lagrangian algorithm

The algorithm we consider is described in the context of solving the constrained
optimization problem

miniﬁlize f(x) subjecttoc(x) =0, I <x <u, 2.1
XE n

where the objective function f : R” — R and constraint function ¢ : R” — R are
assumed to be twice continuously differentiable. Defining the Lagrangian for (2.1) as

Cx,y) = f(x) —c()Ty,

our algorithm seeks a first-order optimal primal-dual solution of (2.1), i.e., an ordered
pair (x, y) satisfying

_ _ B _ (Plx = Vet ] = x
0= Fopr(x,y) = (Vyﬂ(x, y)) = ( Ze(x) ) 2.2)

where g(x) := Vf(x), J(x) := Ve(x)T,
Fi(x,y) = Plx — Vil(x, )] —x = P[x — (g(x) — J()Ty)] — x, (2.3)
and P is a projection operator defined componentwise by
L ifx; <1y,
(PlxDi = qui ifx; > u;,

x; otherwise.
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If (2.1) is infeasible, then it is commonly preferred that an algorithm for solving (2.1)
returns a stationary point for

mini%ize v(x) subjectto/ < x <u, where v(x):=Lllc()[3,  (2.4)
xe n

namely a point x satisfying
0= Fps(x) := Plx — Vyov(x)] —x = P[x — J(x)Tc(x)] — X. 2.5)

If (2.5) holds and v(x) > 0, then we say that x is an infeasible stationary point for
problem (2.1).

AL methods aim to solve (2.1), or at least (2.4), by solving a sequence of bound-
constrained subproblems whose objectives are a weighted sum of the Lagrangian ¢
and the constraint violation measure v. In particular, scaling £ by a penalty parameter
u > 0, each subproblem involves the minimization of the augmented Lagrangian
function

L0x,y, 1) i= pl(x, y) +vx) = u(f(x) = c)y) + Lle@)li3.

For future reference, the gradient of the augmented Lagrangian with respect to x
evaluated at (x, y, i) is

VeL(x, y, ) = p(g(x) = J ) 7 (x, y, ), where w(x,y, u) =y — Lc(x).
(2.6)
A basic AL algorithm proceeds as follows. Given values for the Lagrange multiplier

vector y and penalty parameter u, the algorithm computes

x(y, p) := argmin L(x, y, u) subjectto/ < x < u. 2.7
xeR?

(There may be multiple solutions to the optimization problem in (2.7), or the problem
may be unbounded below. However, for simplicity in this discussion, we assume
that in (2.7) a point x(y, ) can be computed as an approximate stationary point for
L(-, y, n).) The first-order optimality condition for the problem in (2.7) is that x yields

0= FAL(x, v, /L) = Plx — V. L(x,y, w)] — x. (2.8)

Inspection of the quantities in (2.2) and (2.8) reveals an important role played by the
function 7t in (2.6). In particular, if c(x (y, n)) = Oforu > 0,thenw (x(y, 1), y, n) =
y and (2.8) implies that Fopr(x(y, 1), y) = 0,1i.e., (x(y, n), y) is a first-order optimal
solution of (2.1). For this reason, in a basic AL algorithm, if the constraint violation
at x(y, u) is sufficiently small, then y is set to w (x, y, u). Otherwise, if the constraint
violation is not sufficiently small, then the penalty parameter is decreased to place a
higher priority on reducing v during subsequent iterations.
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Algorithm 1 outlines a complete AL algorithm. The statement of this algorithm
may differ in various ways from previously proposed AL methods, but we claim that
the algorithmic structure is a good representation of a generic AL method.

Algorithm 1 Basic Augmented Lagrangian Algorithm

1: Choose constants {y;,, ¢} C (0, 1).

2: Choose an initial primal-dual pair (xq, yg) and initialize {11(, 19} C (0, 00).
3: Set K < Oand j < 0.

4: loop

5 if Fopr(xg, yx) = 0, then

6 return the first-order optimal solution (xg, yx ).
7 end if

8: if |lcx ll2 > 0 and Freas(xg) = 0, then

9: return the infeasible stationary point xg .

10: end if

11: Compute x(yg, pg) < argmin,cpn L£(x, g, ;g ) subjectto/ < x < u.
120 if [le(e(yk. gDl < 1. then

13: Setxg4+1 < x(Yk, UK)-

14: Set yk+1 < T(XK 41, YK HK)-

15: Set g4 < MK-

16: Set Ljit] < Yitj.

17: Setj <« j+1.

18: else

19: Setxg ] < xg orxg4] < x(yg, LK)-

20: Set YK+1 < VK-

21: Set g 41 < YulK-

22: end if

23: Set K < K + 1.

24: end loop

The technique that we propose in the following section can be motivated by observ-
ing a particular drawback of Algorithm 1, namely the manner in which the penalty
parameter p is updated. In Algorithm 1, u is updated if and only if the else clause in
line 18 is reached. This is deemed appropriate since after the augmented Lagrangian
was minimized in line 11, the constraint violation was larger than the target value
tj; thus, the algorithm decreases p to place a higher emphasis on reducing v in sub-
sequent iterations. Unfortunately, a side effect of this process is that progress in the
primal space based on the update in line 19 is uncertain. Indeed, in such cases, there
are typically two possible outcomes. On one hand, the algorithm may set xx+1 < xg
so that the only result of the iteration—involving the minimization of the (nonlinear)
augmented Lagrangian—is that u is decreased. Alternatively, the algorithm may set
xx+1 < x(¥k, k) so that progress in the primal-space may be obtained, but not
necessarily; indeed, in some cases this update may be counterproductive. In this case,
the only certain progress made during the iteration is the decrease of .

The scenario described in the previous paragraph illustrates that a basic AL algo-
rithm may be very inefficient, especially during early iterations when the penalty
parameter ;« may be too large or the multiplier y is a poor estimate of the optimal
multiplier vector. The method that we propose in the following section is designed
to overcome this potential inefficiency by adaptively updating the penalty parameter
during the minimization process for the augmented Lagrangian.
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We close this section by noting that the minimization in line 11 of Algorithm 1
is itself an iterative process, the iterations of which we refer to as “minor” iterations.
This is our motivation for using K as the “major” iteration counter, so as to distinguish
it from the iteration counter k used in our method, which is similar—e.g., in terms of
computational cost—to the “minor” iterations in Algorithm 1.

3 An adaptive augmented Lagrangian trust region algorithm

In this section, we propose and analyze an AL trust region method with an adap-
tive updating scheme for the penalty parameter. The new key idea is to measure the
improvement towards linearized constraint satisfaction obtained by a given trial step
and compare it to that obtained by a step that solely seeks feasibility. If the former
improvement is not sufficiently large compared to the latter and the current constraint
violation is not sufficiently small, then the penalty parameter is decreased to place a
higher emphasis on minimizing constraint violation during the current iteration.

Our strategy involves a set of easily implementable conditions designed around
the following models of the constraint violation measure, Lagrangian, and augmented
Lagrangian, respectively:

qu(s; x) i= Lle@x) + J()sl3 ~ v(x +5); 3.1)
qe(six, y) == 00x, ) + Vel (x, »Ts + 3sTV20(x, y)s ~ L(x +5,y); (3.2)
q(s;x,y, 1) = uge(s; x,¥) + qu(s; x) ~ L(x +5,y, 1. (3.3)

We remark that this approximation to the augmented Lagrangian is not the standard
second-order Taylor series approximation; instead, we employ a Gauss-Newton model
for the constraint violation measure.

Each iteration of our algorithm requires the computation of a trial step s toward
minimizing the augmented Lagrangian. Ideally, this trial step will also make progress
toward solving (2.1) and, in particular, toward minimizing v. To promote this behavior,
we compute a step sx that predicts a decrease in the augmented Lagrangian as well as
an acceptable value of linearized constraint violation.

Whether a computed step s yields an acceptable value of linearized constraint
violation from the current iterate x; depends on that yielded by a steering step rg,
defined as an approximate solution of

miniIIR?ize qy(r; xp) subjecttol < xp +r <u, ||rll2 < 6, 3.4
relRn
where § > 0 is a constant and both

O 1= 0(xk, 0k) := min{dg, 8| Frpas(xx) 12} = 0 (3.5

and 6; > O are set dynamically within our algorithm. (Note that a consequence of
this choice of trust-region radius 6y in (3.4) is that it approaches zero as the algorithm
approaches stationary points of the constraint violation measure [39]. This keeps the
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An adaptive augmented Lagrangian method 207

steering step from being too large relative to the progress that can be made toward min-
imizing v. Moreover, since in practice § is chosen to be large, the term §|| Frgas(Xx) ||2
will not impede superlinear convergence when the inverse of the Hessian matrix is
smaller in norm than § in the neighborhood of solutions.) Importantly, we allow for
inexact solutions to this subproblem that still ensure convergence since we are inter-
ested in matrix-free implementations of our methods; see (3.11b). To this end, we
compute a Cauchy step for subproblem (3.4) as

Froi= 7 (xx, 6k) i= Plxx — BrJil ex] — xi (3.6)
such that 7 satisfies
Aqy (s x1) 1= qu(0; x) — qu(Fis x) > —&, 7Sl e and [[Fella <6 (3.7)

for some B; := B(xk,6k) and &, € (0, 1). Appropriate values for B, 7, and the
auxiliary nonnegative scalar quantities & and 'y (to be used shortly) may be computed
from Algorithm 2.

Algorithm 2 Cauchy step computation for the feasibility subproblem (3.4)

1: procedure CAUCHY_FEASIBILITY (xy, 0 )
restrictions : 6; > 0.

3 available constants : {¢,, y} C (0, 1).

4: Compute /i as the smallest nonnegative integer satisfying || P[x; — ylk Jchk] — xpll2 < 6
5: if /; > O then
6.

7

8

Set I < min{2, 5 (1 + | Pl — vk~ 1 T er] — xell2/60)).
else
: Set I}, < 2.
9: end if
10: Set B < ylk, T < Plxg —BkaTck] — Xp,and g < 0.
11: while 7 does not satisfy (3.7) do
12: Set e < max(eg, —Aqy (Fk; xk)/FZJchk).
13: Set By < yBy and 7y < Plxg — BrJlex] — xi.
14: end while
15:  return: (By, 7k, ek, T})
16: end procedure

The predicted reduction in the constraint violation from x; yielded by 7 as mea-
sured by Ag, (7x; xx) is guaranteed to be positive at any x that is not first-order critical
for v under the bound constraints; see part (i) of Lemma 3.5. The reduction Agy (rx; xx)
is defined similarly for the steering step ri, whose computation will be discussed later
in this section.

With the Cauchy step for our steering problem computed, we proceed to identify a
new penalty parameter (i and trial step sy that satisfy certain properties. Specifically,
the step sy, is defined as an approximate solution of the following quadratic trust-region
subproblem:

miniRr?ize q(s; Xk, Yk, k) subjectto !l < xx + s <u, ||s]2 < &, 3.8)
seR”

@ Springer



208 F. E. Curtis et al.

where

Ok := O (X, Yk» Uk» Ss k) = T min{S, 8| Far (Xkc, Y, i) 12} = 0 (3.9

with I}, > 1 returned from Algorithm 2. Similar to (3.4), this definition of the
trust-region radius involves the first-order optimality measure F,, for minimizing
L(-, Yk, k). This choice ensures that the trust-region radius @y is driven to zero as
first-order minimizers of L(-, vk, t) are approached.

Problem (3.8) is, in fact, a quadratic optimization problem if we used the £,,-norm
to define the trust-region constraint. Nonetheless, our algorithm uses the ¢;-norm
and allows for inexact solutions to this subproblem that still ensure convergence; see
(3.11a). We define the Cauchy step for problem (3.8) as

Sk =5 (Xk, Yk, Wk, Ok, &) = Plxg — e Ve Lk, ye, k)] — xi,

such that sy yields

Aq(Sk; Xk, Yio i) = q (05 Xk, Yie, k) — q (S5 Xk, Yies 1k)

(ex +&r)_
> =S Ve L, i, ) and [Skll2 < O (3.10)
for some oy = o(xx, Yk, Uk, Ok, k), where e > 0 is returned from Algorithm 2.
Appropriate values for oy and 5 may be computed from Algorithm 3. (The importance
of using I'; in (3.9) and & in (3.10) may be seen in the proofs of Lemmas 3.3 and 3.4
in Sect.3.1.)

Algorithm 3 Cauchy step computation for the AL subproblem (3.8).

1: procedure CAUCHY_AL(xg, Yk, Lk, Ok, k)
2: restrictions : ;u; > 0, O > 0, and g > 0.
R available constant : y € (0, 1).

3
4 Setoy < land 53 <« Plxg — ap Ve L(xg, Yk, k)] — Xk

5: while (3.10) is not satisfied do

6: Setoy < yoy and 5 < Plxg — @ Ve LKk, Vi, k)] — Xk
7 end while

8: return : (g, s)

9: end procedure

The predicted reduction in L(-, yk, i) from x; yielded by the step 5; and measured
by Aq(Sk; Xk, Yk, Mi) is guaranteed to be positive at any xj. that is not first-order critical
for L(-, yx, ux) under the bound constraints; see part (ii) of Lemma 3.5 for a more
precise lower bound for this predicted change. The reduction Agq(sk; Xk, Yk, 1k) 18
defined similarly for the trial step sy.

We now describe the kth iteration of our algorithm, specified as Algorithm 4 on
page 8. Let (xx, yx) be the current primal-dual iterate. We begin by checking whether
(xk, yx) is a first-order optimal point for (2.1) or if x; is an infeasible stationary
point, and terminate in either case. Otherwise, we enter the while loop in line 11 to
obtain a value for the penalty parameter for which F,, (xx, vk, ur) # 0; recall (2.8).
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An adaptive augmented Lagrangian method 209

This is appropriate as the purpose of each iteration is to compute a step towards
a bound-constrained minimizer of the augmented Lagrangian L(-, yk, 1x), and if
Fo(xk, Yk, ) = 0, then no feasible descent directions for L£(-, y, i) from xy
exist. (Lemma 3.2 shows that this while loop terminates finitely.) Next, we enter a
while loop on line 19 that recovers an approximate solution 7 to problem (3.4) and
an approximate solution s to problem (3.8) that satisfy

Aq (Sks Xk Yis k)
> K1AG K X, Vi k) > 0, L < xp +sp <u, skl < O, (3.11a)
Aqy(ri; X)) = k2 Aqu(Fi; x1), [ < xp+re <u, rell2 <6, (3.11b)
and Agy(si: xx) > min{k3 Aqy (r: xx), vi — 3 (1)}, (3.11¢)

where {«1, k2, k3, k;} C (0, 1) and the quantity 7; > O represents the jth target for
the constraint violation. At this stage of the algorithm, there are many vectors r; and
sk that satisfy (3.11), but for our purposes we simply prove that they are satisfied for
rr = and s = 5k, see Theorem 3.6.

The conditions in (3.11) can be motivated as follows. Conditions (3.11a) and (3.11b)
ensure that the trial step s; and steering step r¢ yield nontrivial decreases in the mod-
els of the augmented Lagrangian and the constraint violation, respectively, compared
to their Cauchy points. The motivation for condition (3.11c) is more complex as it
involves a minimum of two values on the right-hand side, but this condition is crit-
ical as it ensures that the reduction in the constraint violation model is sufficiently
large for the trial step. The first quantity on the right-hand side, if it were the min-
imum of the two, would require the decrease in the model g, yielded by s; to be
a fraction of that obtained by the steering step ry; see [7,8] for similar conditions
enforced in exact penalty methods. The second quantity is the difference between
the current constraint violation and a measure involving a fraction of the target value
tj > 0. Note that this second term allows the minimum to be negative. Therefore,
this condition allows for the trial step sy to predict an increase in the constraint viola-
tion, but only if the current constraint violation is sufficiently within the target value
tj. It is worthwhile to note that in general one may consider allowing the penalty
parameter to increase as long as the resulting trial step satisfies conditions (3.11a)—
(3.11c¢) and the parameter eventually settles down at a small enough value to ensure
that constraint violation is minimized. However, as this only would be a heuristic
and not theoretically interesting, we ignore this possibility and simply have the para-
meter decrease monotonically. We remark that the computation of r; requires extra
effort beyond that for computing si, but the expense is minor as r can be computed
in parallel with s; and must only satisfy a Cauchy decrease condition [i.e., (3.11b)]
for (3.4).

With the trial step s in hand, we proceed to compute the ratio

Lk, Y, k) — L(Xk 4 Sk, Yies k)
k <

(3.12)
Aq (Sk; Xk, Yk k)
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210 F. E. Curtis et al.

Algorithm 4 Adaptive Augmented Lagrangian Trust Region Algorithm

1: Choose {y, Yu. Vi, YT+ Vs, KF s K1, k2, K3, &r, Kty N1s, Mus} C (0, 1), {8, 8g. €, Y} C (0,00), I5 > 1
such that nys > ng.

2: Choose initial primal-dual pair (x(, yo) and initialize {1q, 89, tg, t1, 71, Y1} C (0, 00) suchthat Y| > Y
and [lyoll2 < Y.

3: Setk < 0,kg < 0,and j <« 1.

4: loop

S: if Fopr(xg, yx) = 0, then

6: return the first-order optimal solution (xg, yg).
7 end if

8: if |ckll2 > 0 and Fegas(xg) = 0, then

9: return the infeasible stationary point x.

10: end if

11: while Fup (xg, yi, k) = 0, do

12: Set (g < Vyultk-

13: end while

14: Define 6y by (3.5).

15: Use Algorithm 2 to compute (B, 7k, &, [x) = CAUCHY_FEASIBILITY (xg, 0 )-

16: Define ® by (3.9).

17: Use Algorithm 3 to compute (o0k, Sx) = CAUCHY_AL(Xg, Yk, Uk, Ok, €k)-

18: Compute approximate solutions ry to (3.4) and s to (3.8) that satisfy (3.11a)—(3.11b).
19: while (3.11c) is not satisfied or Fup (xg, vk, ux) = 0, do

20: Set py < yuumk and define Oy by (3.9).
21: Use Algorithm 3 to compute (o, 5x) = CAUCHY_AL(xg, yk, k> Ok, €k)-
22: Compute an approximate solution s to (3.8) satisfying (3.11a).

23: end while
24: Compute pi from (3.12).
25: if pr > nys, then

26: Set xg41 < xg + Sk and 81 < max{Sg, Isdx}. > very successful iteration
27: else if p; > ny, then

28: Set xg41 < X + sk and 81 < max{Sg, & }. > successful iteration
29: else

30: Set xg41 < x and S < ysSk. > unsuccessful iteration
31: end if

32: if lcg41ll2 < 7;, then

33: Compute any Y4 satisfying (3.13).

34: if min{|| FLCo15 Ve D125 1P (k15 Vi #x)ll2} < T, then

35: Setkj <~ k+1landY;;) < max{Y, t;fl}.

36: Set ;.1 < min{y}, tjl.+€} and Tj 1 < yr min{l, i }7;.

37: Set yg41 from (3.14) where a, satisfies (3.15).

38: Setj < j+ 1.

39: else

40: Set yk41 < Yk-

41: end if

42: else

43: Set yk41 < Yk-

44: end if

45: Set figy1 < k-
46: Setk < k+1.
47: end loop

of actual-to-predicted decrease in L(-, y, ik). Since Aq(sk; Xk, Yk, k) 1S positive
by (3.11a), it follows that if px > n, for ny € (0, 1), then the augmented Lagrangian
has been sufficiently reduced. In such cases, we accept xx + s; as the next iterate.
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An adaptive augmented Lagrangian method 211

Moreover, if we find that pr > n,s for n,s € (15, 1), then our choice of trust region
radius may have been overly cautious so we multiply the upper bound for the trust
region radius (i.e., ;) by I's > 1. If px < njy, then the trust region radius may have
been too large, so we counter this by multiplying the upper bound by ys € (0, 1).

Next we determine how to define our next multiplier vector yx 1. The first condition
that we check is whether the constraint violation at xj 1 is sufficiently small compared
to ¢;. If this requirement is met, then we may compute any prospective multiplier
estimate Yy that satisfies

IFL (k1 Pk ll2 <min {1 Fy (eers O ll2, 1FL Cek 1, 70 okt Yo i) ll2} - (3.13)

Computing Vi1 as an approximate least-squares multiplier estimate from an asso-
ciated linear optimization problem or simply from 7 as defined in (2.6) are both
viable options, but for flexibility in the statement of our algorithm we simply
enforce (3.13). With it being satisfied, we then check if either || F_(xg+1, Ye+1)ll2
or || Fy (Xk41, Yk» ti) ll2 is sufficiently small with respect to a target value 7; > 0. If
this condition is satisfied, we choose new target values tj11 < tj and Tj 1 < T}, and
thenset Y11 > Y; and

Vi1 < (1 —ay)yk + oy i1, (3.14)

where ay is the largest value in [0, 1] such that

(1 —ay)yk +ayYiyill < Y. (3.15)

Note that this updating procedure is well-defined since the choice o, <— 0 results in
Yk+1 < Yk, Which atleast means that (3.15) is satisfiable by this «ty. On the other-hand,
i.e., when the aforementioned condition is not satisfied, we simply set yxy+1 < k.

For future reference, we define the subset of iterations where line 35 of Algorithm 4
is reached as

y = {kj : ”ij ”2 E tj and min{”FL(xkjvs)\kj)HZs ||FAL(‘xkj7 ykj—ls Mkj—l)||2}§Tj}
(3.16)

We conclude this section by noting that, in practice, lines 5 and 8 in Algorithm 4
should be replaced by practical conditions that include positive stopping tolerances.
For example, see the implementation details given in Sect.4.1.

3.1 Well-posedness

We prove that Algorithm 4 is well-posed—i.e., either the algorithm will terminate
finitely or will produce an infinite sequence {(xx, Yk, k) }k>0 of iterates—under the
following assumption. This assumption is assumed throughout this section and is
therefore not stated explicitly in each result.
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Assumption 3.1 Ara given xi, the objective function f and constraint function c are
both twice-continuously differentiable.

Well-posedness in our context first requires that the while loop that begins at line 11
of Algorithm 4 terminates finitely. The proof of this fact requires the following simple
result.

Lemma 3.1 Suppose ! < x < u and let v be any vector in R". If there exists a scalar
& > 0 such that P[x — &v] = x, then P[x —&v] = x forall § > O.

Proof Sincel < x < u, it follows the definition of the projection operator P and the
facts that & > 0 and P[x — &v] = x that

vi >0 if x;=10;; v; <0 if x; =u;; and v; =0 otherwise.

It follows that P[x — &v] = x for all £ > 0, as desired. O

Lemma 3.2 [f line 11 of Algorithm 4 is reached, then F, (xk, yk, ) # 0 for all
sufficiently small pu > 0.

Proof Suppose that line 11 is reached and, to reach a contradiction, suppose also that
there exists an infinite positive sequence {&},>0 such that §, — 0 and

Fou Ok, yis &) = P — En(ge — i) — Jler] —x =0 forall h>0. (3.17)
It follows from (3.17) and the fact that &, — 0 that
Frgas(xr) = Plxg — JkTCk] —x; =0.

If ¢ # 0, then Algorithm 4 would have terminated in line 9; hence, since line 11 is
reached, we must have ¢, = 0. We then may conclude from (3.17), the fact that {&,}
is positive for all z, and Lemma 3.1 that F} (xz, yx) = 0. Combining this with (2.2)
and the fact that ¢ = 0, it follows that Fypr(xg, y&) = 0 so that (xx, yx) is a first-order
optimal point for (2.1). However, under these conditions, Algorithm 4 would have
terminated in line 6. Hence, we have a contradiction to the existence of the sequence

{&n}. m]

We now show that the Cauchy step computations given by Algorithms 2 and 3 are
well defined when called in steps 15, 17, and 21 of Algorithm 4.

Lemma 3.3 The following hold true:

(i) The computation of(Ek, Tk, €k, Ik) instep 15 is well defined and yields I', € (1, 2]
and g € [0, &;).
(ii) The computation of (., Si) in steps 17 and 21 is well defined.

Proof We start by proving part (i). Consider the call to Algorithm 2 made during
step 15 of Algorithm 4. If 6; = 0, then, since §; > 0 by construction, we must have
Figas(xx) = 0, which in turn implies that Algorithm 2 trivially computes [y = 0,
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Ic =2, B = 1,and g, = 0. In this case, (i) clearly holds, so now let us suppose that
6 > 0.If [ = 0, then I';, = 2; otherwise, if [; > 0, then it follows that either I}, = 2
or

Plxi — y=10Te ] — x 7
2>Fk:%(1+n [xe — v 'Sl e] — 2l >%(1+9_k)=1.

Ok k

Next, the while loop at line 11 terminates finitely as shown by [35, Theorem 4.2] since
& € (0, 1). The fact that g, € [0, &,) holds since ¢, € (0, 1) by choice, ¢ is initialized
to zero in Algorithm 2, and every time ¢, is updated we have —Agq, (7x; xx)/ FI{J chk <
&r (by the condition of the while loop).

Now consider part (ii). Regardless of how step 17 or 21 is reached in Algorithm 4,
we have that ux > 0 and ®; > 0 by construction, and from part (i) we have that
Iy € (1,2] and g; € [0, &,). If ®r = 0, then, since §; > 0 by construction, it follows
that F, (xx, Yk, k) = 0, and therefore Algorithm 3 terminates with oy = 1 and
sk = 0. Thus, we may continue supposing that &; > 0. We may now use the fact
that

O<e/2<(er+e)2<e <1

and [35, Theorem 4.2] to say that Algorithm 3 will terminate finitely with (o, s%)
satisfying (3.10). O

The following result illustrates critical relationships between the quadratic models
gy and g as u — O.

Lemma 3.4 Let (Bk,Fk, &k, I'x) < CAUCHY_FEASIBILITY (X, 6x) with 0y defined
by (3.5) and let (@ (), Sk (1)) < CAUCHY_AL(xk, yk, 1, Ok (1), &) with O (u) =
I min{6x, 8|| F..(xk, Yk, )12} (see (3.9)). Then, the following hold true:

lim ( max |q(s; Xk, Yk, [4) —qv(S;xk)I) =0, (3.18a)
u=>0 \[Isll2=<25
lim Vo £(xk, Y, 1) = Iy e, (3.18b)
n—
lim 53 (@) = 7., (3.18¢)
n—0
and _ lim Aqu(Si(w): x1) = Ay (T xe). (3.18d)

Proof Since xj and yi are fixed, for the purposes of this proof we drop them from
all function dependencies. From the definitions of ¢ and g,, it follows that for some
M > 0 independent of u we have

max 1q(s; ) = qu($)l = p max lge(s)| < uM.
pax, 1q(si i) = qu@l = p max lge()| < p
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Hence, (3.18a) follows. Similarly, we have
T . _ T
Vi L£(p) — Ji ek = 8k — Ji yio),

from which it is clear that (3.18b) holds.

We now show (3.18c) by considering two cases. We emphasize that throughout
these two arguments all quantities in Algorithm 2 are unaffected by u, so the reader
can consider them as fixed.

Case 1: Suppose that Fis(xx) = 0. This implies that 6, = min{8x, §|| Freas(xx) |2} =
0, so that 7y = 0 and Ag,(7x) = 0. Moreover, from (3.18b) we have @ () — 0 as
u — 0, which means that 53 (1) — 0 = 7.

Case 2: Suppose Fgas(xx) 7 0. We find it useful to define the functions
n(l) = Plxe —y' Jlal —x and se(l, ) = Plxx — v/ Ve L(w)] — x¢
for any integer / > 0 and scalar i > 0. We also let [g > 0 be the integer such that

B, = y', which implies
e =rr(p). (3.19)

It follows from (3.18b) that
limo sk, w)y=rr(l) forany [/ >0 and, in particular, limo selg, wy=re(lg) =T7r.
n— n—
(3.20)
Therefore, to show (3.18¢), it suffices to prove that
Si(n) = sg(lg, u) forall w >0 sufficiently small. (3.21)
Since the Cauchy computation for 54 (1) computes a nonnegative integer /y ;, so that

Sk(w) = Pl — y'r Ve L) | — x,

to prove (3.21) it suffices to show that l, ,, = lg for all £ > O sufficiently small.
Before proving this result, however, we show that

min (l,g, IWL) > [, forall w >0 sufficiently small, (3.22)

where [ is computed in Algorithm 2. If [z = 0, then (3.22) holds trivially. Thus, let
us suppose that [ > 0. We may first observe that the inequality /g > [; holds by
construction of Algorithm 2. Also, it follows from the definition of O (), (3.18b),
the definition of Ik, 6 > 0, and the fact that || P[xx — y*~1JTcx] — xkll2 > 6k due
to the choice of /; in Algorithm 2, that
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iiglo O () = iiglo I min(8g, 81| Fu (ks Yies ) N12) = T min(Sg, 8| Fepas (x) [|2)

= I.0;

Plxg — v 1uler] — x
:mm[l%(Hn [ — v i A knz)}ek
k

= min [26, 4 (6 + 1PLv = v~ ) = xlz) |
€ (6, 1PLxe — v H el = xell2).

Using this and (3.18b), we may observe that

lim | PLe — v IV LGO) = el = I1PLek = v e =il

> O (n) forall p > 0 sufficiently small,

which shows that I, , > I for all u > O sufficiently small and, consequently,
that (3.22) again holds.

We now proceed to prove that [, ;, = [g for all i > 0 sufficiently small. It follows
from the definition of /g above, (3.19), the structure of Algorithm 2, definition of &,
and part (i) of Lemma 3.3 that

_ Agqy(Tr) _ _Aqv(rk(lﬁ)) > ¢ and
FZ]chk rk(lﬁ)TJchk -
Agy (re (D))
DT

(3.23)

< € < ¢ forallintegers [y <[ < Ig.

(Note that [11, Theorem 12.1.4] shows that all denominators in (3.23) are negative.)
It follows from (3.18b), (3.20), (3.18a), (3.23), and part (i) of Lemma 3.3 that

A lg, Aq, (7
im — q(Sk(Tﬁ W) _ _gv(;k) Se o B + &r (3.24)
n—0  sp(lg, W Ve L(1) i lek 2
and
. Ag(sk,w) — Agu(nD)
n=0 s, )T Vi L(p) Vk(l)TJkTCk (3.25)
<gr < fk + & for all integers [ <1 < Ig.

It now follows from (3.22), (3.24), (3.25), and (3.10) that I, , = Ig forall u > 0
sufficiently small, which proves (3.18c).

Finally, we notice that (3.18d) follows from (3.18c) and continuity of the model
qu- O

To show that Algorithm 4 is well-posed, we also need the following results.
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Lemma 3.5 Let §2 be any value such that

2 = max{[| V2 L, i) + T Tl 1T Till). (3.26)

Then, the following hold true:
(i) For some k4 € (0, 1), the Cauchy step for subproblem (3.4) yields
_ ) 1
Aqy(Fis Xk) = Kall Freas(xi) [l2 min § O, H_Q||FFEAS(xk)||2 . (3.27)

(ii) For some k5 € (0, 1), the Cauchy step for subproblem (3.8) yields

_ . 1
Aq (S Xk, Yio Mk) = K511 Fa(Xks Yk, i) |l2 min [@k, H—QIIFAL(JC/{, Yies i)ll2 1 -
(3.28)

Proof We first show (3.27). We know from [35, Theorem 4.4] and (3.10) that
_ _ . 1
Aqy(Fi; xi) = €rkall Frpas(Xe) [|2 min | O, E_k”FFEAS(xk)HZ

for some k4 € (0, 1) with Xy := 1 + sup{|wr(r)| : 0 < ||7||2 < 6k} and

—Aqy(r; X)) — rTJchk
113

wi(r) =

By rewriting wy (r) and using (3.26), the Cauchy-Schwartz inequality, and standard
norm inequalities, we have that

Therefore, Xy < 1 + £2 and (3.27) follows immediately with k4 := €,k4.
Now we show (3.28). We know from [35, Theorem 4.4] and (3.10) that

€x + €,

_ _ . 1
Aq(Sk; X, Vi k) = fes || Far(Xk, Yy i) l2 min | Oy, EfHFAL(Xk, Yk Mk)||2]
k

for some is € (0, 1) with Xy := 1 4 sup{|@x(s)| : 0 < ||s]l2 < @} and

—Aq (5 Xk, Yieo k) — STVL Gk, Yoo 1)

i (s) =
lIsl13
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By rewriting @i (s) and using (3.26), we have that

1is ™2k, yio jui)s + 57T Jks

wi(s) =
2lls13
ik V2 ks Yis k) + T2 lIs 113 <0
- 2lls13 -
Therefore, £y < 1 + £2 and (3.28) follows immediately with x5 := %6,125 <
3 (ek + &) &s. O

In the following theorem, we combine the previous lemmas to prove that Algo-
rithm 4 is well-posed.

Theorem 3.6 The kth iteration of Algorithm 4 is well-posed. That is, either the
algorithm will terminate in line 6 or 9, or it will compute p; > 0 such that
F..(xk, Yk, i) # 0 and for the steps sy = Sy and ry = ¥y the conditions in (3.11)
will be satisfied, in which case (Xk+1, Yk+1, k+1) Will be computed.

Proof 1If in the kth iteration Algorithm 4 terminates in line 6 or 9, then there is nothing
to prove. Therefore, for the remainder of the proof, we assume that line 11 is reached.
Lemma 3.2 then ensures that

Fo (X, yk, ) # 0 forall w > 0 sufficiently small. (3.29)
Consequently, the while loop in line 11 will terminate for a sufficiently small u; > 0.
By construction, conditions (3.11a) and (3.11b) are satisfied for any uy > 0 by

sy = 5; and ry = 7. Thus, all that remains is to show that for a sufficiently small
ux > 0, (3.11c) is also satisfied by sx = s; and ry = 7. From (3.18d), we have that

/}iglo Aqy (g5 xXi) = l}iglo Aqy(Sk; x1) = Aqy(Ti; X)) = Agy (ri; xi). (3.30)

If Agy(r; xx) > 0, then (3.30) implies that (3.11c) will be satisfied for sufficiently
small ug > 0. On the other hand, suppose

Agqy(ri; xi) = Aqy(Ti; xx) =0, (3.31)
which along with (3.27) and the definitions of 6; and §; > 0, must mean that
Figas(xk) = 0. If ¢ # 0, then Algorithm 4 would have terminated in line 9 and,
therefore, we must have ¢y = 0. This and (3.31) imply that

minics Aqy (ri; xi), vk — 5 ()%} = =3 (at))> < 0 (332)
since ¢; > 0 by construction and «; € (0, 1) by choice. Therefore, we can deduce

that (3.11c) will be satisfied for sufficiently small ux > 0 by observing (3.30), (3.31)
and (3.32). Combining this with (3.29) and the fact that the while loop on line 19
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ensures that u; will eventually be as small as required, guarantees that the while
loop will terminate finitely. This completes the proof as all remaining steps in the kth
iteration are well-posed and explicit. O

3.2 Global convergence

We analyze the global convergence properties of Algorithm 4 under the assumption
that the algorithm does not terminate finitely. That is, in this section we assume that
neither a first-order optimal solution nor an infeasible stationary point is found after a
finite number of iterations so that the sequence {(xx, yx, itx)}k>0 1S infinite.

We provide global convergence guarantees under the following assumption. This
assumption is assumed throughout this section and is therefore not stated explicitly in
each result.

Assumption 3.2 The iterates {xy}r>0 are contained in a convex compact set over
which the objective function f and constraint function ¢ are both twice-continuously
differentiable.

This assumption and the bound on the multipliers enforced in line 37 of Algorithm 4
imply that there exists a positive monotonically increasing sequence {£2;} ;> such that
forallk; <k < kj; 1 we have

||Vx2x£(a, Yk i) ll2 <82 forall o onthe segment [xi, xg+sk], (3.33a)
ik V2 e, o) + I Jilla < 25, (3.33b)
and [|J] Jill2 < 2. (3.33¢)

We begin our analysis in this section by proving the following lemma, which pro-
vides critical bounds on differences in (components of) the augmented Lagrangian
summed over sequences of iterations.

Lemma 3.7 The following hold true.

(i) If ur = w for some w > 0 and all sufficiently large k, then there exist positive
constants M ¢, M., and M such that for all integers p > 1 we have

p—1
D w(fi = fer) < My, (3.34)
k=0
p—1
> eyl ersr —cx) < Me. (3.35)
k=0
p—1

and Z(ﬁ(xk, Vis k) — LOk1, Yis k) < My, (3.36)
k=0
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(ii) If ux — O, then the sums

> i = firn)s (3.37)

k=0

o
> ey (kg — i), (3.38)
k=0
o0

and D" (L%, Yk k) = LOkt1, Vi 1)) (3.39)
k=0

converge and are finite, and

klim llekll2 = ¢ for some ¢ > 0. (3.40)
—00

Proof Under Assumption 3.2 we may conclude that for some constant M > 0and
all integers p > 1 we have

p—1
Z(fk — fia1) = fo— fp < My.

k=0

If ux = p for all sufficiently large k, then this implies that (3.34) clearly holds for
some sufficiently large M ;. Otherwise, if p;x — 0, then it follows from Dirichlet’s
Test [12, §3.4.10] and the fact that {u}r>0 is a monotonically decreasing sequence
that converges to zero that (3.37) converges and is finite.

Next, we show that for some constant MC > 0 and all integers p > 1 we have

p—1
ZykT(Ck+1 —ck) < M. (3.41)
k=0

First, suppose that ) defined in (3.16) is finite. It follows that there exists X’ > 0 and
y such that y; = y forall k > k’. Moreover, under Assumption 3.2 there exists a
constant M, > 0 such that for all p > k' + 1 we have

p—1 p—1
> e =) =y" D (k1 —a) =y (e, —a) < Iyllalle, — cwlla < M.
k=k' k=k'
It is now clear that (3.41) holds in this case. Second, suppose that |))| = oo so that

the sequence {k;} ;> in Algorithm 4 is infinite. By construction ¢; — 0, so for some
J' > 1 we have

=07% and Y =15 forall j> ). (3.42)
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From the definition of the sequence {k;};>1, (3.14), and (3.15), we know that

kj+1—1 kj+1_1
> i —a =yl D0 (et — ) = ¥l (e — ey
k=k; k=k;
< vk, ll2ller; sy — cx;llz < 2Yjat; =2t5-y forall j = j',
where the last equality follows from (3.42). Using these relationships, summing over

all j/ < j < j'+ ¢ for an arbitrary integer ¢ > 1, and using the fact that ;11 < y;1;
by construction, leads to

i'+q [kin—l i'+q

T
Z z Ve(Cry1 —cr) | =2 Z 1j-1
j=i" \ k=k; j=J'

+1
l_th

2ty
< —.
1=y L=y

q
!
<2y Dy =21
1=0

It is now clear that (3.41) holds in this case as well.

We have shown that (3.41) always holds. Thus, if iy = u for all sufficiently large k,
then (3.35) holds for some sufficiently large M. Otherwise, if uxy — 0, then it follows
from Dirichlet’s Test [12, §3.4.10], (3.41) and the fact that {114 }x>0 is a monotonically
decreasing sequence that converges to zero that (3.38) converges and is finite.

Finally, observe that

p—1
DLk Yo 1) — Lkt Yeo i)
k=0
p—1 p—1 p—1
= > fi = firn) + Dyl (ernr — ) + 5 D (llexlls = llexs113)
k=0 k=0 k=0
p—1 =l
= > fi = firn) + Dyl (ersr — cr) + 5lcolls — lleplly).  (3.43)
k=0 k=0

If ux = p for all sufficiently large &, then it follows from Assumption 3.2, (3.34),
(3.35), and (3.43) that (3.36) will hold for some sufficiently large M. Otherwise,
consider when pt — 0. Taking the limit of (3.43) as p — o0, we have from Assump-
tion 3.2 and conditions (3.37) and (3.38) that

oo
D Lk i 1) — L1, Yk 1)) < 00.
k=0

Since the terms in this sum are all nonnegative, it follows from the Monotone Conver-
gence Theorem that (3.39) converges and is finite. Moreover, we may again take the
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limit of (3.43) as p — oo and use (3.37), (3.38), and (3.39) to conclude that (3.40)
holds. o

In the following subsections, we consider different situations depending on the
number of times that the Lagrange multiplier vector is updated.

3.2.1 Finite number of multiplier updates

In this section, we consider the case when ) in (3.16) is finite. In this case, the counter
Jj in Algorithm 4, which tracks the number of times that the dual vector is updated,
satisfies

jef{l,2,...j} forsome finite j. (3.44)

For the purposes of our analysis in this section, we define
ti=1t; > 0 and T := T/v > 0. (3.45)

We consider two subcases depending on whether the penalty parameter stays
bounded away from zero, or if it converges to zero. First we consider cases when
it converges to zero.

Lemma 3.8 If || < oo and ux — 0, then there exist a vector y and integer k > 0
such that 3
vk =y forall k >k, (3.46)

and for some constant ¢ > 0, we have the limits

Iim |[ckllo =¢ >0 and lim Fp(x;) = 0. (347
k—o00 k—o00

Therefore, every limit point of {xi }k>0 is an infeasible stationary point.

Proof Since || < 0o, we know that (3.44) and (3.45) both hold for some j > 0. It
follows by construction in Algorithm 4 that there exists y and a scalar k > k; such
that (3.46) holds.

From (3.40), it follows that ||ck || — ¢ for some ¢ > 0. If ¢ = 0, then by Assump-
tion 3.2, the definition of VL, (3.46), and the fact that uy — O it follows that
limy, o Ve L(Xk, ¥, pik) = Jchk = 0, which implies that lim,_o Fy (X, y, i) =
Fuuas(xx) = 0. This would imply that for some k > k the algorithm would set
j < j+1,violating (3.44). Thus, we conclude that ¢ > 0, which proves the first part
of (3.47).

Next, we prove that

1iIg1>iOnf Freas(xx) = 0. (3.48)

If (3.48) does not hold, then there exists ¢ € (0, 1) and k' > k such that

| Freas(xi) 2 > 2¢ forall k > k', (3.49)
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Hence, by (3.49) and the fact that u; — 0, there exists k” > k" such that
| FaoCes v, i) lla = ¢ forall k > k”. (3.50)

We now show that the trust region radius @y is bounded away from zero for k > k”.
In order to see this, suppose that for some k > k” we have

(3.51)

1 —
0<6 < min[ ¢ ( nvs)K]K5§] = 5y

l+.Q]T 1—{—_{2;

where {§2;} ;> is defined with (3.33). It then follows from (3.11a), (3.28), (3.33b),
(3.50), and (3.51) that

¢
, Ot > Oy.
T+ o k[ = K1Kk58 Ok

Aq (ks Xg, Yy k) = K1AG Sk Xk, Y, k) = K1K58 miﬂ[
j

(3.52)
Using the definition of ¢, Taylor’s Theorem, (3.33a), (3.33b), and the trust-region
constraint, we may conclude that for some oy on the segment [x, x; + s;] we have
|q (ses Xieo v 1) — Lok + sk v, )| = 5 )SZ(ukaXK(Xk, ) + I Tosk
—SEVEL(Ok, Y, 1)k

< Q;llsel3 < 2567 (3.53)

The definition of pg, (3.51), (3.52), and (3.53) then yield

2
q (55 Xies ys i) = L Xk 4 Skes ¥s 140 | _ $2;0; 826k <1-y
Aq(Sk; Xk, ¥, [k) T K1KksEOr  K1KksE T o

lox — 11 =
This implies that the if clause in line 26 of Algorithm 4 will be true, and along
with (3.50) we may conclude that the trust region radius will not be decreased any
further. Consequently, we have shown that the trust region radius updating strategy in
Algorithm 4 guarantees that for some 8,,;, € (0, Sy.n) We have

O > 8 forall k > k", (3.54)

min

Now, since @ is bounded below, there must exist an infinite subsequence, indexed
by an ordered set S C N, of successful iterates. If we define 8" :={k € S : k > k”},
then we may conclude from the fact that x| = xx whenk ¢ S, (3.46), (3.12), (3.52),
and (3.54) that
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o0
D LGk s ) = LGart, ) = D LGk, ¥, ) — LGt Y5 114

k=k" keS”
> D 0 AGsk Xe, ¥, 1) = D NgKIKSE S
kes” kes”
—c0. (3.55)

contradicting (3.39). Therefore, we conclude that (3.48) holds.

Now we prove the second part of (3.47). By contradiction, suppose Fip.s(xx) — O.
This supposition and (3.48) imply that the subsequence of successful iterates indexed
by S is infinite and there exists a constant ¢ € (0, 1) and sequences {k; };>( and {E }i>0
defined in the following manner: k, is the first iterate in S such that || FFEAS(xko) 2 >
4e > 0; k; for i > 0 is the first iterate strictly greater than k; such that

| Freas (g, )2 < 2é5 (3.56)
and k; for i > 1 is the first iterate in S strictly greater than k;_1 such that
| Freas(xg ) ll2 = 4 > 0. (3.57)
We may now define
K::{keS:ki§k<Ei for some i > 0}.
Since i — 0, we may use (3.46) to conclude that there exists k”” such that
| Fa(xxs v, i) ll2 > € forall k € K such that k > k" (3.58)
It follows from the definition of K, (3.11a), (3.28), (3.46), (3.33b), and (3.58) that

Lk, Vi i) —L X415 Yo Hk)
> N5 Aq(Sk; Xk, Yi» k)

&
¥

,@k} for all k € IC such that k > k"
j

> nsk1k5€ min [ 7

(3.59)

It also follows from (3.39) and since £(xg+1, Yk, k) < L(xk, Yk, ux) forall k > 0
that

oo
00 > D" L%k, Yo k) — Lt 1, Yo 1)

k=0
= D" L0 e ) — LOg1 Vs 1) = D LGk Vi jti) — LXkg 1 Yo 1i)-
keS kekC

(3.60)
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Summing (3.59) for k € K and using (3.60) yields lim¢ic ®; = 0, which combined
with (3.59) and (3.46) leads to

L(xk, v, i) — L(Xk+1, Vs i) = nsk1k58O; > 0 for all sufficiently large & € K.

B (3.61)
By the triangle-inequality and (3.61), there exists some i > 1 such that
ki—1 ki—1 ki—1
e, = xz 02 < D lxj = xjlla = D llsjll < D ©;
j=ki j=k,' j=ki
=

T nsK1KsE ZE(x/ Vo ij) — L(xj41,y, pj) for i > .
s __ )

Summing over all i > i and using (3.39), we find

oo oo [ki—1

Xk, —xz |2 < Lx;, —L(Xjy1,y, 1)
Z” k; ki||2 77K1K58Z Z (] )’:U«j (xj+1 yl/«j)
= =1

< Zﬁ(m, Vo k) = L1, ¥, 1)
NsK1K5E
1
< Z/l(xlm Vo Mk) = L(Xk+15 Y5 k) < 00,
NsK1K5€ 3=

which implies that
lim [lxg, — xz.[2 = 0.
11— 00

It follows from the previous limit, (3.57), and Assumption 3.2 that for i sufficiently
large we have || Figas (XE)HZ > 2¢, contradicting (3.56). We may conclude that the
second part of (3.47) holds.

The fact that every limit point of {xi}x>0 is an infeasible stationary point follows
from (3.47). O

The next lemma considers the case when p stays bounded away from zero. This is
possible, for example, if the algorithm converges to an infeasible stationary point that
is stationary for the augmented Lagrangian.

Lemma 3.9 If|Y| < oo and i = p for some p > 0 for all sufficiently large k, then
with t defined in (3.45) there exist a vector y and integer k > 0 such that

yi =y and |cilla >t forall k >k, (3.62)

and we have the limit
klim Frps(xx) = 0. (3.63)
—00

Therefore, every limit point of {xi }k>0 is an infeasible stationary point.
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Proof Since |Y| < oo, we know that (3.44) and (3.45) both hold for some ]_ > 0.
Since we also suppose that uy = p > 0 for all sufficiently large k, it follows by
construction in Algorithm 4 that there exists y and a scalar k' > k i such that

wr=p and yp =y forall k>Kk. (3.64)
Next, we prove that
liI,}1>i0nf I Fa ks y, 2 = 0. (3.65)

If (3.65) does not hold, then there exists ¢ € (0, 1) and k” > k’ such that
| FuCxk, y, w)ll2 = ¢ forall k > k" (3.66)

We now show that the trust region radius ©y is bounded away from zero for k > k”.
In order to see this, suppose that for some k > k” we have

(3.67)

1 — nys
0 <6 < min’ ¢ ( nm)lqlcsé“] B

1+ .Qj‘ 1+ .QJ-
where {£2;};>1 is defined with (3.33). It then follows from (3.11a), (3.28), (3.33b),
(3.66), and (3.67) that

¢
, Ot > O.
T+ k[ = K1Kk58 Ok

Aq(sg; Xk, Yy ) > K1AG Sk Xk, Y, 1) > K1K5E min[
J

(3.68)
Using the definition of g, Taylor’s Theorem, (3.33a), (3.33b), and the trust-region
constraint, we may conclude that for some o} on the segment [xg, xx + sx] we have
lq (sk; Xk, ¥y i) — Lk + Sks ¥ k)|
= 1 [TV G v + I Tosk = STV2 LG, v, 105
2 2
< 2jllsil3 < 2;67. (3.69)

The definition of py, (3.69), (3.68), and (3.67) then yield

q(sk; Xk, ¥, k) — L(Xk + Sk, ¥, k)
lox — 1] =

Aq(Sk; Xk, Y5 k)
@2 G
;07 2;6;

= <1-— .
T KIksEOr  KIKsE T s

This implies that a very successful iteration will occur and along with the trust region
radius updating strategy in Algorithm 4, we may conclude that for some §,;, € (0, Syreqn)
we have

O > 68, forall k > k. (3.70)
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Now, since @ is bounded below, there must exist an infinite subsequence, indexed
by an ordered set S C N, of successful iterates. If we define S” :={k € S : k > k”},
then we may conclude from the fact that x| = xx whenk ¢ S, (3.64), (3.12), (3.68),
and (3.70) that

o0
Z £(.Xk, Yy, /-'L) _K(Xk+1, Y, /’L) = Z E(.Xk, Y, /’L) _E(-xk-‘rlv Y, ,bL)

k=k" keS”
E Z Ns Aq(sks Xk, ¥, 1) = z NsK1K5E 81 =00,
keS” keS"

contradicting (3.36). Therefore, we conclude that (3.65) holds. Moreover, the same
argument used in the second part of the proof of Lemma 3.8 (with Fi,s replaced by
F.;) shows that

kl_i)ngo | FarCxks v, i) ll2 = 0. (3.71)

It then follows that there exists k > k’ such that llcklla = ¢t for all k > k, since
otherwise it follows from (3.71) that for some k > k Algorithm 4 sets j < J_ + 1,
violating (3.44). Thus, we have shown that (3.62) holds.

Next, we turn to the limits in (3.63). It follows from (3.71) and part (i) of Lemma 3.3
that

lim [[sgll2 < lim O = lim [} min{&g, 8| P[xx — Vi L(xk, y, w)] — xkll2} = 0.
k— o0 k— o0 k— o0

(3.72)
From (3.72) and Assumption 3.2, we have
lim Agy(sg; xx) = 0, (3.73)
k—o00
and from the definition of v, (3.45), and (3.62) that
vk — %(K,tjf)2 > 17— L)’ = L1 —kH1* > 0 forall k > k. (3.74)

We now prove that Fs(xx) — 0. To see this, first note that
Fo(xx, y, ) #0 forall k >k,

or else the algorithm would set 1441 < w in line 12 of Algorithm 4, violating (3.64).
Standard trust-region theory [11] then ensures that there will be infinitely many suc-
cessful iterations, which we denote by S, for k > k. If we suppose that Fyg,s(xx) - 0,
then for some ¢ € (0, 1) there exists an infinite subsequence indexed by

S{ ={keS: k> k and | Freas (Xk+ 1112 > ¢}
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We may then observe from the updating strategies for 6y and §; that

Ok+1 = min{8k+1, 8||FFEAS(-xk+1)||2}
> min{max{0g, 8}, ¢} = min{dg, 8¢} > 0 forall k € S;. (3.75)

Using (3.11b), (3.27), (3.33c), (3.44), and (3.75), we then find for k € S; that

¢
I+ 2

AGy(Fres15 Xk41) = K2 AGy (Fr15 Xe1) = Kokal min{ -, OR, 5(} =:¢' > 0.

We may now combine the previous equation, (3.74), and (3.73) to state that (3.11c)
must be violated for sufficiently large k € S; and, consequently, the penalty parameter
will be decreased. However, this is a contradiction to (3.64), so we conclude that
Freas(xx) — 0. The fact that every limit point of {x¢}(>0 is an infeasible stationary
point follows since ||ck||2 > ¢ for all kK > k from (3.62) and Fp.s(xg) — O. O

This completes the analysis for the case that the set ) is finite. The next section con-
siders the complementarity situation when the Lagrange multiplier vector is updated
an infinite number of times.

3.2.2 Infinite number of multiplier updates

We now consider the case when |)| = oo. In this case, it follows by construction in
Algorithm 4 that
lim ¢; = lim T; =0. (3.76)
J—>00 J—>00
As in the previous subsection, we consider two subcases depending on whether the
penalty parameter remains bounded away from zero, or if it converges to zero. Our
next lemma shows that when the penalty parameter does remain bounded away from
zero, then a subsequence of iterates converges to a first-order optimal point. In general,
this is the ideal case for a feasible problem.

Lemma 3.10 If |)| = oo and ur = u for some > 0 for all sufficiently large k,

then
lim ;=0 (3.77)
]~>OO
and  lim FL(xkj,ﬂj):O. (3.78)

Thus, any limit point (X, V) of{(xkj , ’)Tk,-)}jzo is first-order optimal for (2.1).

Proof Since |))| = oo, it follows that the condition in line 32 holds an infinite number
of times. The limit (3.77) then follows by (3.76) since line 35 sets k; < k + 1 for all
kj (S y

To prove (3.78), we first define

Vi={kj € YV IIF.(xty, Vi) 2 < 1 Fa ey Yij—15 s —Dll2}-
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It follows from (3.76) and line 34 of Algorithm 4 that if )’ is infinite, then

lim F (xg,, V) =0. 3.79
kjlglgl), L (ks Vi) (3.79)

Meanwhile, it follows from (3.76) and line 34 of Algorithm 4 that if )\ )’ is infinite,
then
li F, o Vki—1s Mki—1) = O. 3.80
G lim AL (X V=15 kj—1) (3.80)
Under Assumption 3.2, (3.80) may be combined with (3.77) and the fact that u; =
for some p > 0 to deduce that if J\)” is infinite, then

lim F (xg., yk,—1) = 0. 3.81
k,-ely\y' LXK Yhj—1) (3.81)

We may now combine (3.81) with (3.13) to state that if )\ )’ is infinite, then

lim F (xg.,v:,) =0. 3.82
ey (ks Vi) (3.82)

The desired result (3.78) now follows from (3.79), (3.82), and the supposition that
|V| = oo. O

We now prove a corollary showing that if Algorithm 4 employs a particular update
for Y41 in line 33 (satisfying (3.13)), then a subsequence of multiplier estimates {7V}
converges to an optimal Lagrange multiplier vector when the linear independence
constraint qualification (LICQ) holds at limit points. For this result only, we make the
following additional assumption.

Assumption 3.3 If x, is a limit point of {xy} that is feasible for problem (2.1), then
the index set T (xy) = {i : [x4];i > 0} is nonempty and the matrix J7(x,) that contains

the subset of columns of J (x,) corresponding to the index set T (x) has full row rank.

Corollary 3.11 If |Y| = oo, ux = u > 0 for all sufficiently large k, and line 33 of
Algorithm 4 sets

Fert < Yk if 1 F. ka1 yOll2 < 1F ka1, T (Xkae15 Vs i) M2,
- 7T (Xk41, Yk» k) Otherwise,

(3.83)
then there exists an infinite ordered set J < N such that

Jl_ien}(xkj,yk,-) = (X, Yi)s

where (xy, yx) afirst-order optimal point for problem (2.1), the vector y,. is the (unique)
solution of
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min g7 (x.) — J7(r) Y113, (3.84)
yeRm
and g7(xy) and jz(x*)T contain the rows of g(x,) and J (x0T, respectively, corre-
sponding to T(x).

Proof Weknow from |)| = oo and Assumption 3.2 that there exists an infinite ordered
set J1 € N and a vector x, such that lim ;¢ 7, x ;= X It also follows from this fact,
the assumptions of this corollary, and Lemma 3.10 that

li )=0, lim F (x., ;) =0, 3.85
12711 c(xk;) jg}ll L(Xk; 5 Vkj) (3.85)

and any limit points of (xi ;> ?kj) are first-order KKT points for (2.1). Let us define
the set

Jo=1{j € T IFL.(xxys Y llz < IWFa (ks 7w (s Vi —15 boeg—1)) 12},
which is motivated by line 34 of Algorithm 4. Also, we note that

lim ¥; = o0 (3.86)
jed

as aresult of (3.76) and line 35 of Algorithm 4. We now consider two cases.
Case I: Suppose that | /2| = oo. It follows from (3.76), line 34 of Algorithm 4, and
definition of 7, that
T ~ BT T~
0= lim [|F (o, 5l = lim 1Pk, — (g = )T 5,)] = o
Using this limit and the definition of Z (x,), it follows that

. T~ _
lim (¢7(xx;) — Jz (i) 3i;) =0,

which, when combined with lim ;¢ 7, Xj = X Assumption 3.3, and (3.84), implies
that
lim yi, = 3.87
e Ykj = Vx ( )
so that (xx, yx) = limje 7, (xk; Sz\kj) is a first-order point for (2.1). Using (3.87), the
fact that the upper bound on the multipliers increases to infinity in (3.86), and the
definition of yr4 in line 37, we then have

lim yr. = ys.
jejzykj Ve

Defining J := J> C J1, this completes the proof for this case.

Case 2: Suppose that | /2| < oo. Since | J2| < 00, it follows from (3.76), line 34 of
Algorithm 4, and the fact that uxy = pn > 0 for all sufficiently large & that
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0= jlgr}] | Faw (xiej s 70 (x5 Yij—10 1) 1) 12

= lim I1P[xk; — (g Cory) = I )T e yig—10 1)) | = X o
jed
Using this limit, the definition of 7, and lim ¢ 7, Xi; = X shows that
. T _
jlérgl 8z (xk;) — JT(xk;)" 7w (x5 Yiej—1, ) = 0,
which, under Assumption 3.3, yields

,-12311 TT(Xkjs Vkj—1, ) = Y. (3.88)

It then follows from this fact and (3.85) that
lim yi. | = ys. 3.89
je k1 * (3-89

Combining (3.88) and (3.89) with (3.83) implies that

lim vy, = 3.90
jé{r’}l Ykj = Yx ( )

so that (x4, yx) = limjec g, (xkj,’y\kj) is a first-order KKT point for problem (2.1).
Finally, combining (3.90), the fact that the upper bound on the multipliers increases
to infinity in (3.86), and the definition of y; in line 37 of Algorithm 4, we have

im yi. = ys.
e, Ykj = Yx
Defining J := Ji, this completes the proof for this case. O

Finally, we consider the case when the penalty parameter converges to zero. For
this case, we require the following technical lemma.

Lemma 3.12 Suppose l < x < u and let v be any vector in R". Then, for any scalar
& > 1 we have

[Plx +&v] — xll2 < &1 Plx + v] — x]l2.

Proof 1t suffices to prove the result for the case when / < 0 < u and x = 0 since the
proof for the more general case is similar. We may write

P[&v] = P[v] + (P[&v] — P[v]) =: P[v] + wy
and £P[v] = P[v]+ (§ — 1)P[v] =: P[v] + wa,
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where, since £ > 1, we have for all i € {1, ..., n} that
0 it v<l
0 ifv; > u;
[wili =1L — v if l; <vi<wu; and &v; <I; and
u; — v; if [; <vi <u; and Evi > u;

L(é—l)vi if I; <&vi <u;

(& -l if v <l

(& —Du; if v >u;

[wali=3E& —Dv; if [; <v; <u; and &v; <1I;
E—-1Dv if [ <vi <u; and &v; > u;
|6 —Dui if [ <&vi <u;.

Hence, it is easily verified that
PRl wi < Pl wy and lwi])3 < wal3,

which along with the identity 1| P[v]+w|% = 3| P[v]l3 + P[v]" w+ L |w]3 yields
the desired result. O

We now prove the following lemma, which reveals that if there are an infinite
number of multiplier updates and the penalty parameter converges to zero, then the
constraint violation measure converges to zero. Moreover, in such cases, as long as the
number of decreases of the penalty parameter between consecutive multiplier updates
is bounded, then any limit point of one of two possible subsequences is a first-order
optimal point for (2.1).

Lemma 3.13 [f|Y| = oo and ux — O, then

lim ¢x = 0. (3.91)

k—o00

If, in addition, there exists a positive integer p such that jii,—1 > J/;flik_,v_l—l for all
sufficiently large j, then there exists an infinite ordered set J < N such that

lim F, Ve =0 lim F, Xk Ve —1s Mk — —0.
e ME Sl or _Jin M E Gk 7 G v =1 1 =D)
(3.92)

In such cases, if the first (respectively, second) limit in (3.92) holds, then along with
(3.91) it follows that any limit point of { (x; , ?kj )} jeg (respectively, {(xi;, Yi;—1)} je7)
is a first-order optimal point for problem (2.1).

Proof 1t follows from (3.40) that

lim |lckl2 = ¢ > 0. (3.93)
k— 00
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However, it also follows from (3.76) and line 32 of Algorithm 4 that

lim feg, 2 < lim 7; = 0. (3.94)
]‘)OC ]*)OO

The limit (3.91) now follows from (3.93) and (3.94).
To prove the remainder of the result, first note that by lines 34 and 36 of Algorithm 4

and since
0= lim ur = lim puy,, (3.95)
k— j—o00 4

o]

we have for all sufficiently large j that

min{|| Fy (ks Y M2y 1Fac ek s Y1 i -2} < Tj = yruk; —1Tj—1. (3.96)

If there exists an infinite ordered set J € Nsuch thatlimje 7 j oo | FL(xk; 371(_/. )2 =
0, then the first limit in (3.92) holds and there is nothing left to prove. Thus, suppose
that {|| Fy (xk; Vi ;)|I2} is bounded below and away from zero for all sufficiently large
J. Then, from (3.95) and (3.96), we have

| Fau Xk Y15 Hikj—DIl2 < vk, —1Tj—1
for all sufficiently large j, from which it follows along with Lemma 3.12 that

1
Rkj_y—1

yrTj—1 = I Fa ek Yiej—15 bk =112

v

1

”P[-xkj - mvxﬁ(xkjv ykj—lv I’ij—l)] _-xkj”Z
-1
l‘»k] 1—1

— || Py, —

. T
- (g(-xkj)_‘l(-xkj) n(-xkjv ykj—ls H/kj—l))]_-xkj ”2
With these inequalities, (3.76), and the fact that Mk,»—l/l!«k_,-_.—l € [y,f, 1] for all

sufficiently large j, Lemma 3.1 (taking a further infinite subset of 7, if necessary)
yields the second limit in (3.92). O

3.2.3 Overall global convergence result

We combine the lemmas in the previous subsections to obtain the following result.

Theorem 3.14 One of the following must hold true:

(i) every limit point of {xi} is an infeasible stationary point;
(ii) i — 0 and there exists an infinite ordered set KC C N such that every limit point
of {(xk, k) ek is first-order optimal for (2.1); or
(iii) pr — 0, every limit point of {xi} is feasible, and if there exists a positive integer
p such that p; - > y,fp,kj_l_l for all sufficiently large j, then there exists an
infinite ordered set J < N such that any limit point of either {(x;, ykj)}jej or
{(Xk;» Yi;—1)} jeg is first-order optimal for problem (2.1).
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Proof Lemmas 3.8, 3.9, 3.10, and 3.13 cover the only four possible outcomes of
Algorithm 4; the result follows from those described in these lemmas. O

We complete this section with a discussion of Theorem 3.14. As with all penalty
methods for nonconvex optimization, Algorithm 4 may converge to a local minimizer
of the constraint violation that is not feasible, i.e., an infeasible stationary point. This
possible outcome is, in fact, unavoidable since we have not (implicitly) assumed that
problem (2.1) is feasible. By far, the most common outcome of our numerical results in
Sect. 4 is case (ii) of Theorem 3.14, in which the penalty parameter ultimately remains
fixed and convergence to a first-order primal-dual solution of (2.1) is observed. In fact,
these numerical tests show that our adaptive algorithm is far more efficient than our
basic implementation and, importantly, at least as reliable. The final possible outcome
is that the penalty parameter and the constraint violation both converge to zero. In this
case we are unable to guarantee that limit points are first-order solutions of (2.1), even
under the assumption that the MFCQ holds, and therefore have obtained a weaker
convergence result than many other augmented Lagrangian methods. Nonetheless, we
remain content since the numerical tests in Sect. 4 show that Algorithm 4 is superior
to the basic approach and that the penalty parameter consistently remains bounded
away from zero.

Of course, it is possible to view our adaptive strategy as a mechanism for quickly
obtaining an improved Lagrange multiplier estimate and value for the penalty para-
meter. These values may then be used as the initial input for a traditional augmented
Lagrangian method. For example, motivated by Lemma 3.13, one could employ our
algorithm, but transition to a traditional augmented Lagrangian method once the
Lagrange multiplier estimate has been updated more than a prescribed number of
times, the quantities 1t and ||c(xx)]|| are below prescribed positive tolerances, and the
penalty parameter has been decreased more than a prescribed number of times since
the most recent Lagrange multiplier estimate update. This simple strategy inherits the
well-documented convergence theory for standard augmented Lagrangian methods
and benefits from the practical advantages of steering exhibited by our approach.

Finally, it is also possible to modify Algorithm 4 so that convergence to first-order
optimal points may be established even in case (iii) of Theorem 3.14. Specifically, we
could make the following changes: (i) compute first-order multiplier estimates yj. |
during every iteration (whereas currently they are only computed when | cx 412 < t;);
(ii) switch the order of the two if statements in Lines 32 and 34 of Algorithm 4; (iii)
explicitly limit the number of decreases of the penalty parameter allowed between
updates to the multiplier vector (as motivated by part (iii) of Theorem 3.14); and (iv)
if the explicit bound on the number of updates allowed by part (iii) is reached, then
do not allow a further decrease to the penalty parameter until either the multiplier is
updated again, or an approximate minimizer of the augmented Lagrangian is found at
which the constraint violation is not sufficiently small, i.e., not less than ¢;. Although
these changes could be made to Algorithm 4, we have chosen not to do so for two
reasons. First, these additions would further complicate the algorithm in a manner
that we do not believe is justified from a practical perspective. Second, again from
a practical perspective, it may be inefficient to compute new multiplier estimates in
every iteration.
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4 Numerical experiments

In this section we describe the details of an implementation of our trust region method
and provide the results of numerical experiments. These experiments include three
parts. First, we provide a single illustrative example to highlight the benefits of our
adaptive approach. Second, we compare our method with Lancelot [10] on a subset
of the equality constrained CUTEr [26] test problems. Third, we contrast our basic and
adaptive augmented Langrangian methods on a subset of inequality constrained Hock-
Schittkowski test problems [28]. All together, we believe that these experiments are
the best way to isolate and measure the performance of our adaptive penalty parameter
updating procedure.

4.1 Implementation details

Algorithm 4 was implemented in MATLAB and, hereinafter, will be referred to as
AAL-TR. For comparison purposes, we also implemented a trust-region variant of the
basic augmented Lagrangian method given by Algorithm 1, which we will refer to as
BAL-TR. The components of these two implementations were mostly identical. For
example, the implemented update for the trust region radii and trial step acceptance
procedure were exactly the same.

A critical component of both implementations was the approximate solution of
the trust region subproblem (3.8) and, in the case of AAL-TR, subproblem (3.4).
For the equality constrained problems of Sect.4.3, we approximately solved these
subproblems (defined by an ¢, trust-region constraint) with an implementation of a
conjugate gradient (CG) algorithm by Steihaug/Toint [11,13]. (In this manner, the
Cauchy points for each subproblem were obtained in the first iteration of CG.) For
each subproblem for which it was employed, the CG iteration was run until either
the trust region boundary was reached (perhaps due to a negative curvature direction
being obtained) or the gradient of the subproblem objective was below a predefined
constant k., > 0. In the case of BAL-TR, the solution obtained from CG was used in
a minor iteration—see step 11 of Algorithm 1—whereas in the case of AAL-TR, the
solutions obtained from CG were used as explicitly stated in Algorithm 4. We believe
this strategy allows for a fair comparison with Lancelot on equality constrained
problems since Lancelot employs a similar iterative scheme for the subproblem
solves. However, for the inequality constrained problems tested in Sect.4.4, we only
perform comparisons between BAL-TR and AAL-TR. In this setting, we simply use
the CPLEX QP solver [29] to compute “exact” solutions to the subproblems (defined by
an {, trust-region constraint), but with an infinity norm trust-region so that they are
bound-constrained QPs. Since CPLEX requires the QP to be convex, we add multiples
of ten times the identity matrix to the Hessian of the QPs until CPLEX successfully
returns a solution without encountering negative curvature. Importantly, this simple
strategy was used for both our basic and adaptive strategies to allow for a fair com-
parison. (We do not compare with Lancelot on inequality constrained problems as
it employs an iterative scheme to solve possibly indefinite QP subproblems. Such a
striking difference in the manner in which the subproblems are solved would lead to
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Table 1 Input parameter values used in AAL-TR and BAL-TR

Par. Val. Par. val. Par. val. Par. Val.
Vi S5e—01 K3 le—04 Y 00 Y [e'9)

Vi 5e—01 Kt 9e—01 Ty 6e—01 Keg le—10
YT 5e—01 N le—02 ) 1e+00 Kopt le—06
Vs 5e—01 Nus 9e—01 10 le+00 Kreas le—06
KF 9e—01 8 le+04 1 1e+00 Hemin le—10
K1 1e400 SR le—04 8o 1e4-00 Kinax le+03
KD 1e400 € S5e—01 T 1e4-00 G le+02

a comparison between AAL-TR and Lancelot that does not isolate the effect that
steering has on efficiently finding solutions.)

A second component of AAL-TR that requires specification is the computa-
tion of the estimates {11} to satisfy (3.13). If || Fy(xka1, T (Xkats Ve i)z <
| (k415 Yi) ll2, then we set Vi1 <= 7 (Xg+1, Yk, k)5 otherwise, we set Vi1 <= Yi.

Algorithms AAL-TR and BAL-TR both terminated with a declaration of optimality
if

1 FL(xks Yidlloo < ko and [[cklloo < Kreass (4.1)

and terminated with a declaration that an infeasible stationary point was found if

| Freas (X oo < Kopl/IO’ Icklloo > Kieas, aNd [tk < Moo 4.2)

Note that in the latter case our implementations differ slightly from Algorithms 1
and 4 as we did not declare that an infeasible stationary point was found until the
penalty parameter was below a prescribed tolerance. The motivation for this was to
avoid premature termination at (perhaps only slightly) infeasible points at which the
gradient of the infeasibility measure || Fipas(xk)||oo Was relatively small compared to
llcklloo- Also, each algorithm terminated with a declaration of failure if neither (4.1)
nor (4.2) was satisfied within an iteration limit k,,,,. The problem functions were pre-
scaled so that the £,,-norms of the gradients of each at the initial point would be less
than or equal to a prescribed constant G > 0. This helped to facilitate termination for
poorly-scaled problems.

Table 1 summarizes the input parameter values that were chosen. Note that our
choice for Y means that we did not impose explicit bounds on the norms of the
multipliers, meaning that we effectively always chose o, < 11in (3.14).

4.2 An illustrative example

To illustrate the benefits of our adaptive updating strategy for the penalty parameter,
we study the CUTEr problem CATENA. We have chosen a relatively small instance of
the problem that consists of 15 variables and 4 equality constraints. We compare our
results with that obtained by Lancelot, a very mature Fortran-90 implementation
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Table 2 Input parameter values
used in Lancelot

Parameter

Value

HISTORY-LENGTH-FOR-NON-MONOTONE-DESCENT 0.0

MAGICAL-STEPS-ALLOWED
USE-TWO-NORM-TRUST-REGION
SUBPROBLEM-SOLVED-ACCURATELY NO

INITIAL-PENALTY-PARAMETER

NO
YES

1.0

whose overall approach is well-represented by Algorithm 1. In fact, the algorithm in
Lancelot benefits from a variety of advanced features from which the implemen-
tation of our methods could also benefit. However, since ours are only preliminary
implementations, we set input parameters for Lancelot as described in Table 2

Iter #g.ev f

0 1 -5.89E+03
1 1 -5.89E+03
2 2 -1.38E+04
3 3 -2.88E+04
4 4 -5.07E+04
5 5 -6.79E+04
6 6 -7.92E+04
7 7 -7.94E+04
8 8 -8.43E+04
9 9 -8.48E+04
10 10 -8.49E+04
11 11 -8.49E+04
12 12 -1.21E+04
13 13 -3.79E+04
14 14 -3.99E+04
15 15 -3.99E+04
16 16 -3.99E+04
17 17 -7.08E+03
18 18 -1.88E+04
19 19 -1.96E+04
20 20 -1.96E+04
21 21 -1.96E+04
22 22 -6.19E+03
23 23 -1.10E+04
24 24 -1.13E+04
25 25 -1.13E+04
26 26 -1.13E+04
27 27 -7.57E+03
28 28 -8.79E+03
29 29 -8.82E+03
30 30 -8.82E+03
31 31 -8.82E+03
32 32 -8.36E+03
33 33 -8.40E+03
34 34 -8.40E+03
35 35 -8.40E+03
36 36 -8.30E+03
37 37 -8.30E+03
38 38 -8.30E+03
39 39 -8.34E+03
40 40 -8.34E+03
41 41 -8.34E+03
42 42 -8.34E+03
43 43 -8.34E+03

Fig. 1 Output from Lancelot for problem CATENA
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to have as fair a comparison as possible. The first two parameters disallowed a non-
monotone strategy and the possibility of using so-called “magical steps”. The third
and fourth parameters ensured that an ¢,-norm trust region constraint was used and
allowed the possibility of inexact subproblem solves, roughly as described in Sect. 4.1.
The last input parameter ensured that the initial value of the penalty parameter was
the same as for our implementation (see Table 1).

With the above alterations to its default parameters, we solved CATENA using
Lancelot. A stripped version of the output is given in Fig. 1. The columns
represent the iteration number (Iter), cumulative number of gradient evaluations
(#g.ev), objective value (f), projected gradient norm (proj.g), penalty parame-
ter value (penalty), constraint violation target (target), constraint violation value
(infeas), and a flag for which a value of 1 indicates that a multiplier update occurred.
(An empty entry indicates that a value did not change since the previous iteration.) We
make a couple observations. First, Lancelot only attempted to update the penalty
parameter and multiplier vector on iterations 11, 16, 21, 26, 31, 35, 38, 41, and 43
when an approximate minimizer of the augmented Lagrangian was identified. Second,
the constraint violation target was only satisfied in iterations 35, 41, and 43. Thus, one
might view the iterations that only lead to a decrease in the penalty parameter as inef-
fective since the target in feasibility was not obtained and the only (possible) progress
may have been in the primal space. For this example, this includes iterations 1-31 and
3638, which accounted for ~79% of the iterations.

Next we solved CATENA using AAL-TR and provide the results in Fig. 2. The
columns represent the iteration number (Iter.), objective value (Objective), a
measure of infeasibility (Infeas.), ||gk — JkTkaoo (Lag.Err.), the target con-
straint violation for the current value of the penalty parameter and Lagrange multiplier
vector (Fea . Tar.), the value of the penalty parameter (Pen.Par.), Aqgy(ry; Xx)
(Dav (r)), Aqy(sk; xx) (Dgv (s) ), and a flag for which a value of 1 indicates that a
multiplier update occurred (y).

One can see that our method solved the problem efficiently since it quickly realized
that a decrease in the penalty parameter would be beneficial. Moreover, the feasibility
measure Fea . Err . and optimality measure Lag . Err . converged quickly. This was
due, in part, to the fact that the multiplier vector was updated during most iterations
near the end of the run. In particular, AAL-TR updated the multiplier vector during 5
of the last 6 iterations.

The most instructive column for witnessing the benefits of our penalty parameter
updating strategy is Dgv (s) since this column shows the predicted decrease in the
constraint violation yielded by the trial step sx. When this quantity was positive the
trial step predicted progress toward constraint satisfaction, and when it was negative
the trial step predicted an increase in constraint violation. This quantity was compared
with the quantity in column Dgv () in the steering condition (3.11c). Itis clear in the
output that the penalty parameter was decreased when the steering step predicted an
increase in constraint violation, i.e., when Dgv (s) was negative, though exceptions
were made when the constraint violation was well within Fea . Tar ., the constraint
violation target.

This particular problem shows that our adaptive strategy has the potential to be very
effective on problems that require the penalty parameter to be reduced from its initial
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Iter. | Objective Infeas. Lag.Err. | Fea.Tar. | Pen.Par. | Dqv(r) Dav(s) |y
0 | -5.89e+03 2.80e-01 1.00e+00 | 2.52e-01 | 1.00e+00 | +1.52e-01 -1.82e-01 |
| | | 5.00e-01 | -1.81e-01 |
| | | 2.50e-01 | -1.77e-01 |
| | | 1.25e-01 | -1.71e-01 |
| | | 6.25e-02 | -1.59e-01 |
| | | 3.12e-02 | -1.35e-01 |
| | | 1.56e-02 | -9.35e-02 |
| | | 7.81e-03 | -2.82e-02 |
| | | 3.91e-03 | +3.98e-02 |
1 | -7.94e+03 4.71e-01 3.91e-03 | 2.52e-01 | 3.91e-03 | +1.91e-01 +7.72e-02 |
2 | -9.42e+03 6.31e-01 3.91e-03 | 2.52e-01 | 3.91e-03 | +2.44e-01 -1.11e-02 |
| | | 1.95e-03 | +2.43e-01 |
3 | -9.42e+03 6.31e-01 1.95e-03 | 2.52e-01 | 1.95e-03 | +2.37e-01 +2.06e-01 |
4 | -9.53e+03 3.01e-01 1.95e-03 | 2.52e-01 | 1.95e-03 | +8.30e-02 +1.48e-02 |
5 | -9.53e+03 3.01e-01 1.95e-03 | 2.52e-01 | 1.95e-03 | +5.09e-02 +1.15e-02 |
6 | -9.68e+03 3.22e-01 1.95e-03 | 2.52e-01 | 1.95e-03 | +6.95e-02 +5.00e-02 |
7 | -9.68e+03 3.22e-01 1.95e-03 | 2.52e-01 | 1.95e-03 | +4.00e-02 +3.22e-02 |
8 | -9.62e+03 2.83e-01 1.95e-03 | 2.52e-01 | 1.95e-03 | +2.70e-02 -1.44e-02 |
| | | 9.77e-04 | +2.98e-02 | 1
9 | -9.40e+03 2.25e-01 9.77e-04 | 1.26e-01 | 9.77e-04 | +3.62e-02 +3.78e-02 |
10 | -9.05e+03 1.64e-01 9.77e-04 | 1.26e-01 | 9.77e-04 | +1.80e-02 -2.77e-03 |
| | | 4.88e-04 | +2.02e-02 | 1
11 | -8.74e+03 9.13e-02 4.88e-04 | 4.47e-02 | 4.88e-04 | +1.06e-02 +8.95e-03 |
12 | -8.74e+03 9.13e-02 4.88e-04 | 4.47e-02 | 4.88e-04 | +7.09e-03 +4.46e-03 |
13 | -8.71e+03 9.13e-02 4.88e-04 | 4.47e-02 | 4.88e-04 | +6.05e-03 -1.11e-03 |
| | | 2.44e-04 | +6.17e-03 | 1
14 | -8.55e+03 4.42e-02 3.94e-05 | 9.46e-03 | 2.44e-04 | +2.03e-03 +2.02e-03 | 1
15 | -8.36e+03 1.75e-03 1.09e-05 | 9.20e-04 | 2.44e-04 | +2.71e-06 +1.76e-06 |
16 | -8.35e+03 9.90e-04 1.07e-05 | 9.20e-04 | 2.44e-04 | +9.36e-07 -9.78e-09 |
| | | 1.22e-04 | +6.94e-07 | 1
17 | -8.35e+03 5.01e-04 1.90e-09 | 2.79e-05 | 1.22e-04 | +2.42e-07 +2.42e-07 | 1
18 | -8.35e+03 4.74e-06 1.01e-09 | 1.47e-07 | 1.22e-04 | +2.80e-11 +2.80e-11 | 1
19 | -8.35e+03 1.42e-07 8.84e-14 | 1.00e-07 | 1.22e-04 | —-—————=-= ————————- | -

Fig. 2 Output from AAL-TR for problem CATENA

value. In the next section we test the effectiveness of our new adaptive strategy on a
large subset of equality constrained problems from the CUTEr test set.

4.3 Equality constrained CUTEr test problems

In this section we observe the effects of our penalty parameter updating strategy on
a subset of the equality constrained CUTEr [26] test problems. We obtained our sub-
set by first choosing all constrained problems with equality constraints only. Next,
we eliminated aug2dc and dtoc3 because they are quadratic problems that were too
large for our MATLAB implementation to solve. Next, we eliminated argtrig, artif,
bdvalue, bdvalues, booth, bratu2d, bratu2dt, brownale, broydn3d, cbratu2d, cbratu3d,
chandheu, chnrsbne, cluster, coolhans, cubene, drcavtyl, drcavty2, drcavty3, eigenau,
eigenb, eigenc, flosp2th, flosp2tl, flosp2tm, gottfr, hatfldf, hatfldg, heartS, himmelba,
himmelbc, himmelbe, hypcir, integreq, msqrta, msqrtb, powellbs, powellsq, recipe,
rsnbrne, sinvalne, spmsqrt, trigger, yatplsq, yatp2sq, yfitne, and zangwil3 because
Lancelot recognized them as not having an objective function, in which case a
penalty parameter was not required. This is appropriate since otherwise we would
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not be comparing a traditional AL method to our adaptive AL method, which is the
purpose of these tests. Next, we removed heart6, hydcar20, hydcar6, methanb8, and
methanl8 because these are nonlinear equation solving problems and Lancelot
solved them without introducing a penalty parameter. Again, since we wish to com-
pare our adaptive AL method to a traditional AL method, we feel this is justi-
fied. Finally, we removed arglcle, junkturn, and woodsne because all of the solvers
(including Lancelot) converged to a point that was recognized as an infeasi-
ble stationary point: on problem arglcle Lancelot terminated in 6 iterations and
AAL-TR terminated in 3 iterations; on problem junkturn Lancelot terminated in
117 iterations and AAL-TR terminated in 312 iterations; and on problem woodsne
Lancelot terminated in 103 iterations and AAL-TR terminated in 67 iterations.
This left us with a total of 91 problems composing our subset: btl, bt10, btll, bti2,
br2, bt3, bt4, bt5, bt6, bt7, btS, bt9, byrdsphr, catena, chain, dixching, dtocll, dtoc2,
dtoc4, dtoch, dtoc6, eigena2, eigenaco, eigenb?2, eigenbco, eigenc2, eigencco, elec,
genhs28, gridnetb, gridnete, gridneth, hagerl, hager2, hager3, hs100Inp, hsi11inp,
hs26, hs27, hs28, hs39, hs40, hs42, hs46, hs47, hs48, hs49, hs50, hs51, hs52,
hs56, hs6, hs61, hs7, hs77, hs78, hs79, hsS, hs9, Ich, lukvlel, lukvlelO, lukvlell,
lukvlel2, lukvlel3, lukvield, lukvlel5, lukvlel6, lukviel7, lukvlelS, lukvie2, lukvle3,
lukvled, lukvle6, lukvie7, lukvieS, lukvle9, maratos, mssl, mwright, optctrl3, optctrlé,
orthrdm?2, orthrds2, orthrega, orthregh, orthregc, orthregd, orthrgdm, orthrgds, and
§316-322.

We compare the performance of AAL-TR, BAL-TR, and Lancelot on this set
of problems. As previously mentioned, both Lancelot and BAL-TR are based on
Algorithm 1, though the details of their implementations are quite different. Therefore,
we can compare them to illustrate that our implementation of BAL-TR is roughly on
par with Lancelot for solving equality constrained problems in terms of perfor-
mance.

To measure performance, we use performance profiles as introduced by Dolan
and Moré [16]. They provide a concise mechanism for comparing algorithms over
a collection of problems. Roughly, a performance profile chooses a relative metric,
e.g., the number of iterations, and then plots the fraction of problems (y-axis) that are
solved within a given factor (x-axis) of the best algorithm according to this metric.
Roughly speaking, more robust algorithms are “on top” towards the right side of the
plot, and more efficient algorithms are “on top” near the left side of the plot. Thus,
algorithms that are “on top” throughout the plot may be considered more efficient and
more robust, which is the preferred outcome.

The performance profiles in Figs. 3 and 4 compare AAL-TR, BAL-TR, and
Lancelot in terms of iterations and gradient evaluations, respectively. (Note that
in this comparison, we compare the number of “minor” iterations in Lancelot
with the number of iterations in our methods.) These figures show that BAL-TR per-
forms similarly to Lancelot in terms of iterations (Fig. 3) and gradient evaluations
(Fig. 4). Moreover, it is also clear that our adaptive penalty parameter updating scheme
in AAL-TR yields better efficiency and reliability when compared to BAL-TR and
Lancelot on this collection of problems.

Finally, it is pertinent to compare the final value of the penalty parameter for
Lancelot and our adaptive algorithm. We present these outcomes in Table 3. The
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Fig. 3 Performance profile for
iterations comparing AAL-TR,
BAL-TR, and Lancelot
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Fig. 4 Performance profile for
gradient evaluations comparing
AAL-TR, BAL-TR, and
Lancelot

AAL-TR ——
BAL-TR
Iancelpt ............

1 2 4 8 16 32 64

Table 3 Numbers of CUTEr problems for which the final penalty parameter value was in the given ranges

Mefinal Lancelot Algorithm 4 Mfinal Lancelot Algorithm 4
1 7 15 [1o=4,1073%) 7 10
(10", 1) 34 7 [1073,107%) 5 6
[10=2,1071) 16 18 [107%,107%) 2 4
[1073,1072) 13 20 (0,107 7 11

column p,, gives ranges for the final value of the penalty parameter, while the remain-
ing columns give the numbers of problems out of the total 91 whose final penalty
parameter fell within the specified range.

We make two observations about the results provided in Table 3. First, we observe
that our adaptive updating strategy generally does not drive the penalty parameter
smaller than does Lancelot. This is encouraging since the traditional updating
approach used in Lancelot is very conservative, so it appears that our adaptive
strategy obtains superior performance without driving the penalty parameter to unnec-
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essarily small values. Second, we observe that our strategy maintains the penalty
parameter at its initial value (g <— 1) on more problems than does Lancelot. This
phenomenon can be explained by considering the situations in which Lancelot
and our methods update the penalty parameter. Lancelot considers an update once
the augmented Lagrangian has been minimized for y = y; and © = pg. If the
constraint violation is too large and/or the Lagrange multipliers are poor estimates
of the optimal multipliers—both of which may easily occur at the initial point—
then the penalty parameter is decreased if/when such a minimizer of the augmented
Lagrangian is not sufficiently close to the feasible region. That is, Lancelot looks
globally at the progress towards feasibility obtained from a given point to the next
minimizer of the augmented Lagrangian. Our method, on the other hand, observes
the local reduction in linearized constraint violation. As long as this local reduction
is sufficiently large, then no reduction of the penalty parameter occurs, no matter the
progress towards nonlinear constraint satisfaction that has occurred so far. Overall,
we feel that this behavior illustrated in Table 3 highlights a strength of our algorithm,
which is that it is less sensitive to the nonlinear constraint violation targets than is
Lancelot.

4.4 Inequality constrained Hock-Schittkowski test problems

In this section we test our penalty parameter updating strategy by comparing our
basic and adaptive algorithms BAL-TR and AAL-TR, respectively, on a subset of
the inequality constrained Hock-Schittkowski test problems [28]. This subset was
obtained by first choosing all problems with at least one general inequality con-
straint. Next, we eliminated hs21, hs35, hs44, hs53, hs76, and hsl18 because they
are simple quadratic problems, i.e., have quadratic objective functions and linear
constraints. We also eliminated hs67, hs85, and hs87 because they are not smooth
optimization problems. Next, we eliminated problem /s/3 because the linear inde-
pendent constraint qualification is not satisfied at the solution. Problems &s72, hs88,
hs89, hs90, hs91, and hs92 were also removed since both BAL-TR and AAL-TR
converged to an infeasible stationary point. Finally, we removed problems hs/01,
hsl102, hs103, hs109, and hsl16 since both BAL-TR and AAL-TR did not reach
the desired optimality tolerances. This left us with the following collection of 64
test problems: hsl0, hsll, hsi2, hsi4, hsl5, hsl6, hsl7, hsl8, hs19, hs20, hs22,
hs23, hs24, hs29, hs30, hs31, hs32, hs33, hs34, hs36, hs37, hs41, hs43, hs54,
hs55, hs57, hs59, hs60, hs62, hs63, hs64, hs65, hs66, hs68, hs69, hs70, hs71, hs73,
hs74, hs75, hs76, hs80, hs81, hs83, hs84, hs86, hs93, hs95, hs96, hs97, hs98, hs99,
hs100, hs104, hs105, hs106, hs107, hsl108, hsl11, hsli12, hs113, hsl14, hs117, and
hs119.

The results on the previous test set are given in the form of performance profiles
in Figs. 5 and 6, and Table 4 (see Sect.4.3 for a description of how these types of
profiles should be understood). The two profiles clearly show that our adaptive trust-
region algorithm is superior to a traditional approach in terms of efficiency without
sacrificing reliability. These results are promising and are further complemented by
Table 4, which shows that the final penalty parameter associated with our adaptive
strategy does not drive the penalty parameter unnecessarily small.
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Fig. 5 Performance profile for 1 ‘
iterations comparing AAL-TR T N r
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Fig. 6 Performance profile for
gradient evaluations comparing
AAL-TR and BAL-TR
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Table 4 Numbers of Hock-Schittkowski problems for which the final penalty parameter value was in the
given ranges

Hofinal AAL-TR BAL-TR final AAL-TR BAL-TR
1 11 17 (1074, 1073) 7 7
[o-',1) 5 12 [1075,107%) 8 2
[10-2,1071) 13 9 [107%,1077) 2 1
[1073,1072) 17 13 (0,1079) 1 3

5 Conclusion

We have proposed, analyzed, and tested anew AL algorithm for large-scale constrained
optimization. The novel feature of the algorithm is an adaptive strategy for updating
the penalty parameter. We have proved that our algorithm is well-posed, possesses
global convergence guarantees, and outperforms traditional AL methods in terms of
the numbers of iterations and gradient evaluations on a wide range of test problems.
These improvements are realized by requiring the computation of an additional steering
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step as an approximate solution to a convex QP. The conditions that we require of
the steering step allow for an approximate solution in the form of a simple Cauchy
step whose extra computation is negligible. A potential disadvantage of this simple
choice is that convergence may be slow on infeasible problems. In this case more
accurate solutions to the feasibility subproblem are likely to accelerate convergence
to locally infeasible minimizers of the constraint violation. A final observation is that
the computation of the steering step and trial step may be performed in parallel, again
making the additional calculations (in terms of time) negligible.

One potential deficiency of our proposed technique is the lack of a guarantee that
the penalty parameter will remain bounded away from zero, even when it is applied
to solve problems where a constraint qualification (e.g., MFCQ) is satisfied at all
solution points. We stress that in our numerical experiments, we did not find that our
method lead to unnecessary decreases in the penalty parameter, but this is an important
matter to consider in general. Fortunately, one simple technique to avoid this issue is
to transition from our algorithm to a traditional AL approach once consistent progress
towards nonlinear constraint satisfaction is observed. In this fashion, the convergence
guarantees of traditional AL methods can be relied upon in neighborhoods of solution
points.
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